INTRODUCTION
The North West Shelf of Australia developed as a result of multiple phases of extension associated with the disintegration of eastern Gondwanaland (Veevers 1988) . The Northern Carnarvon Basin (Figure 1 ) lies at the southern end of the North West Shelf and is currently one of Australia's most productive and prospective hydrocarbon provinces. Consequently, a large amount of data, including regional deep-seismic and aeromagnetic surveys, has been gathered in the region. Typically, large-scale extensional detachment mechanisms have been interpreted in order to explain the structural peculiarities of the region, such as the extensive width of the shelf and observed discrepancies between amounts of upper crustal and lower lithosphere extension (Williamson et al. 1990; Etheridge & O'Brien 1994; Stagg & Colwell 1994; Driscoll & Karner 1998) (Figure 2 ). However, the models (as presented by previous authors) concentrate on one of the number of extensional phases and do not account for the distinct spatial and temporal variation in extensional style developed during different phases of extension.
Over the last decade or so, the importance of lithospheric rheology in determining extensional style has come into focus. In particular, major advances have come from numerical and analogue modelling studies of extension in which lithospheric rheology is incorporated (Buck 1991; Bassi et al. 1993; Benes & Davy 1996; Gartrell 1997) . These studies suggest that detachments form part of a suite of extensional styles, but only under certain lithospheric conditions. This paper draws together some of the results and concepts from the relevant modelling studies and applies them to the extensional structure of the Northern Carnarvon Basin. Concepts derived from the modelling studies offer alternative mechanisms to large-scale detachments that may provide a more satisfactory explanation for the multiphase extensional characteristics of the region.
Structural information for the region is derived from published work, as well as deep-seismic and aeromagnetic datasets made available to this study. The latter are used to support the interpretation of previously unrecognised large intrusive bodies in the Barrow and Dampier Subbasins.
EFFECTS OF LITHOSPHERIC RHEOLOGY ON EXTENSIONAL STYLE Modes of extension
It is predicted that the continental lithosphere will show marked rheological stratification due to changes in mechanical behaviour and flow processes, as determined by depth-dependent variation in physical and chemical environment (Carter & Tsenn 1987) . The rheological configuration or profile of a section of continental lithosphere is largely governed by heat flow, crustal thickness and composition, and strain rate (Ranalli & Murphy 1987; Kusznir & Park 1987; Ord & Hobbs 1989) .
Numerical and analogue modelling studies (Buck 1991; Bassi et al. 1993; Benes & Davy 1996; Gartrell 1997) suggest that the initial rheological configuration of the lithosphere strongly controls the primary style of deformation developed during extension. The initial rheology of the lithosphere determines the potential of the lithosphere to distribute deformation by ductile flow and strain hardening processes, or to localise deformation by lithospheric necking and strain weakening processes. Three principal modes of extension are predicted by the numerical modelling of Buck (1991) : metamorphic core complex mode, wide rift mode and narrow rift mode (Figure 3) .
Metamorphic core complex mode is predicted for thickened crust and high heat-flow environments (e.g. reactivation and/or collapse of collisional orogens). Extension and thinning of the upper and middle crust is compensated by flow in the lower crust (Figure 3a) , rather than in the asthenospheric mantle during this mode of extension (Block & Royden 1990; Wernicke 1992) . Extended parts of the upper crust may be intensely thinned and associated with upwelling middle to lower crust (metamorphic core complexes), while the Moho remains relatively flat. The term 'thin-skinned' extension could also be applied, as extension is confined largely to the crust and sub-Moho stress patterns may be quite different (Dewey 1987) . At intermediate initial heat-flow conditions and crustal thickness, ductile behaviour dominates the lithosphere's rheology and necking instabilities are less likely to develop (Figure 3b ). Distributed deformation and strain hardening, due to crustal thinning (see below), can result in very wide rift basins. For example, the region of significant normal faulting in the Basin and Range Province, USA, is up to 800 km in width (Hamilton 1987) . Narrow rifts (Figure 3c ) are likely when the lithosphere is relatively cool and the crust is thin. Under these conditions the lithosphere is strong and stress-bearing layers are predominantly brittle or semi-brittle. Necking of the entire lithosphere results in a zone of intense deformation, typically of the order of 100 km in width. A rapid increase in geothermal gradient produces a negative density anomaly and a decrease in strength, which further contributes to the localisation process.
A somewhat counterintuitive result of the modelling described above is that extension can lead to a strengthening of the lithosphere. As the crust thins during extension, mantle rocks are brought closer to the surface. If these rocks are allowed time to cool, during stable extension (i.e. wide rifting) or during periods of extensional quiescence, then substitution of the crust (quartzo-feldspathic mineralogy) by stronger and denser mantle rock (olivine mineralogy) causes the lithosphere to be more resistant to extension. Subsequent extension may occur in adjacent parts of the lithosphere or may generate a different deformation response. For example, Buck (1991) suggested that with constant heat flow, a basin initially in metamorphic core complex mode might subsequently change to wide rift mode and then narrow rift mode due to progressive strengthening of the lithosphere during extension. The narrow rift system may then become the locus of mid-ocean ridge development. He used this concept as a possible explanation for temporal variations in extensional styles observed in the Basin and Range Province (see discussion).
Intra-crustal rheological layering and extension
At a finer scale, mechanical interactions between crustal layers may have further important effects on the style of rift basin developed during extension. The crust consists of a brittle upper layer, a semi-brittle middle crustal layer and a weak ductile lower crustal layer for a wide range of thermal conditions. The thickness of the brittle upper crustal layer depends mainly on pressure and therefore remains relatively constant at about 10-15 km. However, the thickness of the middle and lower crustal layers is highly dependent on heat-flow conditions. In particular, the middle crustal layer will be thinner for higher heat-flow environments and thicker for lower heat-flow environments (Gartrell in press) ( Figure 4 ).
Analogue modelling performed in Gartrell (1997, in press) physically demonstrates how variation in crustal configuration and other factors, such as sedimentary loading, results in a range of rift basin styles ( Figure 5 ). Necking instabilities in a crustal multilayer may develop in association with low-angle detachment where horizontal shear between layers occurs. Necking instabilities localise deformation, while subhorizontal shear tractions cause rotation of the principal stress axes, which permits low-angle fault growth following Mohr-Coulomb failure criteria. Strong rotation of the principal stress axes is promoted by low overburden pressures and high basal shear stresses. In the natural system, these conditions are likely for higher heat-flow environments (thinner middle crustal layers), low sediment loading and high strain partitioning between layers (Figure 5a, b) . At lower heat-flow conditions the middle crustal layer will be relatively thick, resulting in high overburden pressures. In addition, differential movement between layers may be limited due to strengthening of ductile layers. These conditions favour a vertical alignment of the principal stress axes (Westaway 1998; Gartrell in press). Low-angle detachment faults will not develop under such conditions; instead high-angle normal fault systems will form ( Figure 5c ).
A further variation in extensional style generated in the analogue experiments occurs where necking instabilities do not develop (Figure 5d ). This type of distributed extension is similar to wide rifting discussed above. The example given shows that at high strain, localised (narrow) rift basins tend to develop at the margins of the broad rift.
Lower crustal flow
At geological time-scales, weak ductile lower crust may behave as a ductile fluid channel able to flow from areas of high vertical loading to areas of lower vertical loading (Gans 1987; Buck 1988; Block & Royden 1990; Wernicke 1990 Wernicke , 1992 Westaway 1998) (Figure 6 ). Kruse et al. (1991) provided analytical models, which show that viscosities required for ductile flow in a lower crustal channel to occur are highly dependent on the channel thickness and the length scale of flow required. Long-scale flow (500 km or more) is viable for effective viscosities less than 10 18 -10 20 Pa.s for ductile channels 10-25 km thick. Effective viscosities as high as 10 21 Pa.s would allow flow over shorter length scales (150 km: associated with the growth of metamorphic core complexes) to be accommodated. The ability of a crustal fluid layer to function is enhanced by thickened crust and or elevated crustal temperatures. The fluid layer may also be rich in synrift magma, whose rheology and latent heat may substantially contribute to the weakening of the layer over broad regions (Wernicke 1992) .
MECHANISMS FOR PASSIVE MARGIN DEVELOPMENT: ALTERNATIVES TO LARGE-SCALE DETACHMENTS
Low-angle detachment systems play an important role at crustal levels in areas such as the Aegean Sea, the D'Entrecasteaux Islands, the Red Sea, and in parts of the Basin and Range Province (Hill et al. 1992; Lister & Davis 1989; Talbot & Ghebreab 1997) . Evidence from analogue modelling (Gartrell 1997, in press), numerical modelling (Westaway 1994), and observations from natural systems (Morley 1995) suggests that low-angle detachments are probably characteristic of a limited range of lithospheric conditions (high temperatures and thick crust). However, direct evidence for detachment systems at larger scales, such as in simple shear or upper plate/lower plate models (Wernicke 1981 (Wernicke , 1985 Lister et al. 1986) , is sparse and circumstantial (Lister et al. 1991) . Hence, large-scale detachment models have been largely abandoned over the last decade (Morley 1995) . Large-scale detachment has been implied in the past to explain observed asymmetry of continental rifts and conjugate passive margins, marginal plateaus, and discrepancies between upper crustal and lower lithosphere extension values (Bosworth 1985; Lister et al. 1991) . Alternative mechanisms to explain these characteristics can be developed by considering the effects of lithospheric rheology on extensional style. Bassi et al. (1993) suggested that asymmetric conjugate margin pairs could be developed by asymmetric wide rifting (Figure 7) . During stable extension, the central area of the basin begins to cool and strengthen. As a result, the locus of extension shifts toward the margins. This process is eventually limited by the strength of the adjacent undeformed lithosphere. Deformation then localises at the transition between deformed and undeformed lithosphere, resulting in narrow marginal basins (Figure 7a ). In the natural system, one side of the wide rift system is likely to be weaker than the other, leading to asymmetric breakup. A narrow margin is left on one side of the new ocean basin and a broad, uniformly thinned, margin remains on the other (Figure 7b ). If lower crustal flow has occurred in an extensional basin then the interpretation of subsidence becomes more complicated (Westaway 1998). Depending on the balance between unloading due to crustal thinning and loading due to sediment input, the lower crust may flow inwards (towards the basin axis: Figure 6a ) or outwards (towards the basin margin: Figure 6b ). Flow may occur during and/or after extension, as long as the fluid layer is maintained. For example, the onset of thermal subsidence following extension may promote outward lower crustal flow as subsidence and sediment loading in the basin is not accompanied by a decrease in upper and middle crustal thickness. Outward flow in a lower crustal fluid channel results in systematic overestimates in extension determined by conventional subsidence analysis. This is due to subsidence from removal of lower crust being attributed to thermal subsidence. The opposite is true for inward lower crustal flow. Westaway (1998) suggested that lower crustal flow may be the key to understanding discrepancies in extension when subsidence is compared with faulting and crustal thinning.
STYLES OF EXTENSION IN THE NORTHERN CARNARVON BASIN Cambrian to Ordovician Extension
The oldest extensional structures observed in the Northern Carnarvon Basin display well-developed low-angle detachment faults of limited regional extent. Probably the best example is the Scholl Island Fault, which is a well-imaged listric detachment fault (Figure 8 ). This fault dates back to the Cambrian (Bradshaw 1991) , but rollover and thickening into the Scholl Island Fault suggests several renewed phases of growth during subsequent extensional events (Bentley 1988). The detachment fault has a north-south strike, implying an association with the northern continuation of the north-south-trending Proterozoic Darling Mobile Belt (Etheridge & O'Brien 1994) . Generally, the detachment faults in the region are observed to sole out into shallow-dipping reflectors at around 3-5 s TWT, corresponding to a depth of 10-15 km and coinciding with a compositional change from greenstone belt and granitoid bodies to felsic granulites (Stagg & Colwell 1994) .
Late Carboniferous to Early Permian Extension
The dominant northeast-southwest-trending fabric of the Northern Carnarvon Basin (Figure 1 ) was largely established during Late Carboniferous to Early Permian (PermoCarboniferous) extension (Etheridge & O'Brien 1994) . Permo-Carboniferous extension resulted in a broad sedimentary basin as part of the Westralian Superbasin system that underpins the entire North West Shelf (Yeates et al. 1987) . This phase of extension culminated with the separation of a continental sliver (SIBUMASU : Veevers 1988) to the northwest of the Northern Carnarvon Basin in the Early Permian (Audley-Charles 1988). The basin was over 500 km wide in some areas (Kopsen & McGann 1985) and is filled with widely distributed and relatively unrestricted sediments that onlap the cratonic margin. The Triassic and older basin sequence includes a relatively thick (about 5 km) Upper Permian-Triassic post-rift sequence.
Deep-seismic data shows significant amounts of preJurassic subsidence and lower crustal thinning have occurred in the thickest part of the basin (up to 9 km thick), with minimal evidence for commensurate upper crustal extension (AGSO North West Shelf Study Group 1994; Stagg (Figure 9 ). The term 'sag phase' is used by Stagg and Colwell to describe this style of subsidence.
Another conspicuous feature of the deep seismic is the relatively continuous and flat-lying reflectors that underlie most of the Exmouth Plateau at mid-crustal levels. The deeper of these reflectors (C2) is particularly continuous and lies at 9-10 s TWT (AGSO North West Shelf Study Group 1994) (Figure 9 ). Faults are observed to consistently die out at or near this deep crustal reflector, which is thought to represent a possible mylonitised boundary (Mutter et al. 1989 ) between upper and lower crustal extensional regimes (Stagg & Colwell 1994) . Below C2, the lower crust is largely reflector free, apart from beneath the outer parts of the margin where bands of low-frequency, highamplitude reflectors are interpreted to represent the top of a magmatic underplate.
Latest Triassic to Early Cretaceous Extension
Latest Triassic or earliest Jurassic through to Early Cretaceous extension included two breakup events, as spreading ridges developed on the western margin of the superbasin propagated southwards (Veevers 1988; AGSO North West Shelf Study Group 1994) . Argoland separated during the Callovian (ca 155 Ma) resulting in the Argo Abyssal Plain (Figure 1) , which bounds the Northern Carnarvon Basin to the north. Greater India separated during the Valanginian (ca 131 Ma) creating the Gascoyne and Cuvier Abyssal Plains, which form the western and southern boundaries of the Northern Carnarvon Basin respectively (Figure 1 ). Mesozoic extension also generated deep, localised rift basins (the Barrow, Dampier and Exmouth Sub-basins) that overprint the eastern margin of the Permo-Carboniferous superbasin (Figure 9 ). The upper crustal layer is seen to thin markedly in the Mesozoic subbasin in the east and towards the Mesozoic continent-ocean boundary in the west (Figure 9 ). Normal faulting on the Exmouth Plateau generally shows Jurassic and Cretaceous growth. Mesozoic sub-basins are generally bound by highangle planar to slightly curved normal faults. Some of the apparent curvature observed in seismic images may be the result of increased velocities with depth. The faults are certainly not well-developed detachments, as is the case with the older Scholl Island Fault.
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A. P. Gartrell Mid-crustal reflectors arch upwards towards the marginal basins where they encounter zones of poor or non-coherent reflectivity (Figure 10a, b) . These bad data zones are interpreted here to represent intrusions or piercement structures that appear to have grown in a diapiric manner. The structures have variable association with magnetic high anomalies that trend along the western axis of the Barrow and Dampier Sub-basins (Figure 11a ). For example, the diapir shown in Figure 10a has a strong association with magnetic high anomaly A1, whereas the diapir shown in Figure 10b does not exhibit any magnetic response. 2.5-D modelling of magnetic anomalies A1 to A3 suggests bodies (vertical prisms or plugs) with low magnetic susceptibility at depths of around 6-8 km (Figure 11b) . The seismic and magnetic data are consistent with an interpretation of magmatic intrusions of acidic composition (Telford et al. 1990 ). Depths and dimensions of the required body predicted by the magnetic modelling are in good agreement with the seismic data. Intrusion appears to have occurred sometime in the Middle to Late Jurassic (Figure 10a) , although it is difficult to be certain of the timing of the horizons interpreted as they are generally too deep for unambiguous well ties. Mihut and Muller (1998) interpreted similar intrusive structures in the Exmouth Sub-basin ( Figure 12 ). Fractured anticlines observed in the overburden above the intrusions may have been interpreted as the result of horizontal compressional inversion. However, the association with magnetic anomalies, increasing dip of reflectors with depth, presence of bad data zones, overburden fold style, and timing of uplift (coincident with extension) is better explained by extension-related intrusion than by compressional inversion.
DISCUSSION Previous tectonic models
As mentioned in the introduction, various tectonic models involving large-scale detachments have been proposed for the Northern Carnarvon Basin (Figure 2 ). In particular, the models suggested attempt to account for one or a number of the following observations: (i) discrepancies between the upper (low) and lower crustal (high) extension; (ii) the presence of areally extensive and flat-lying deep crustal reflectors; (iii) the great width of the margin; and (iv) wellimaged detachment faults such as the Scholl Island Fault. Mutter et al. (1989) interpreted the prominent subhorizontal mid-crustal reflectors beneath the Exmouth Plateau to be part of a west-dipping detachment system. Etheridge and O'Brien (1994) also offered a westward dipping detachment model (Figure 2a) . They indicated that although there is little evidence on the geometry of the Permo-Carboniferous extensional system, the best reasonably direct evidence for detachment generation comes from structures such as the Scholl Island Fault. However, the Scholl Island Fault has limited regional extent and largescale westward dipping detachment does not explain the mismatch between upper and lower crustal thinning observed in deep seismic profiles. Williamson et al. (1990) suggested a model for PermoCarboniferous extension in which an intermediate plate was 'unearthed' along a pair of eastward dipping detachment surfaces (Figure 2b) . However, this model is not consistent with the predominantly flat-lying sedimentary section observed on the Exmouth Plateau (Stagg & Colwell 1994) . The model would require considerable rotation of bedding horizons during the evolution from the initial to final stages suggested. Stagg and Colwell (1994) suggested that the Northern Carnarvon Basin was formed by a strong pure shear thinning of the lower crust that lasted from the Carboniferous to the Jurassic. Almost the entire crust below a (east-dipping) mid-crustal discontinuity was removed, whereas the associated upper crustal thinning is proposed to have taken place on the now removed conjugate margin. Driscoll and Karner (1998) proposed an eastward dipping detachment model to explain the regional distribution and amplitude of post-Valanginian subsidence related to minor Early Cretaceous upper crustal extension (Figure 2c) . However, the post-Valanginian subsidence refers to the deposition of the Barrow Delta sediments, which spread from south to north as a result of marked uplift on the Cuvier transform margin after breakup with Greater India (Veevers 1988; Barber 1988) . Another problem with this model is with its mechanics. For their model, Driscoll and Karner (1998) defined the term detachment as a diffuse zone that separates brittle deformation in the upper crust from ductile deformation in the lower crust and lithospheric mantle. The detachment is depicted so that it shoals or breaches the surface towards the continent-ocean boundary, implying that any lithosphere to the west of the breaching point is ductile (by the definition given).
None of the proposed detachment models offer mechanisms to explain changes in general extensional styles (i.e. Cambrian detachment faulting, broadly distributed PermoCarboniferous extension, and Late Triassic to Early Cretaceous localised rift development) associated with the different phases of extension.
Alternative model
The various extensional styles and overall evolution of the Northern Carnarvon Basin can be explained without employing large-scale low-angle detachment when rheological controls on extensional styles are considered. Important factors considered are the likely response of the lithosphere for different rheological settings, Figure 12 Basaltic intrusion interpreted in the Exmouth Subbasin by Mihut and Muller (1998).
strengthening of the lithosphere following extension and the possibility of lower crustal flow.
Crustal thickening during orogenesis results in higher heat-flow conditions due to greater proportion of radiogenic heat sources and increased conductivity of the crust, an increased proportion of soft crustal minerals, and tensional stresses due to increased potential energy relative to surrounding lithosphere (Dewey 1987; Buck 1991; Bassi et al. 1993) . The overall result is a weakened lithosphere that is predisposed to subsequent extension (Dewey 1987) . As predicted by the numerical and analogue modelling discussed above, low-angle detachments are likely to form under these conditions as extension may be largely confined within the crust (strong strain partitioning between crust and upper mantle) and middle crustal layers will be relatively thin (decreased vertical loading). Hence, the presence of low-angle detachment faults in the earliest phase of extension and their association with a mobile belt is probably not mere coincidence. That is, the detachments may represent the result of 'thin-skinned' extension associated with the reactivation or collapse of parts of the Proterozoic mobile belt on the western flank of the Pilbara Craton. Reactivation of these structures occurred several times during subsequent extensional episodes (Figure 13a) .
Generation of a very broad basin during PermoCarboniferous extension suggests that wide rift mode was the dominant mechanism at this time (Figure 13b ). Wide rifting implies intermediate crustal thickness and elevated lithospheric temperatures (ductile rheologies) prior to extension. Lithospheric thinning is likely to be limited during wide rifting as deformation is distributed over a broad area. Upper crustal extension is characterised by a complex array of low-throw normal faults. This may explain the lack 240
A. P. Gartrell of evidence for Permo-Carboniferous fault growth, which may be below seismic resolution. The deposition of a relatively thick Upper Permian to Upper Triassic post-rift sequence and marked thinning of the lower crust, in the absence of upper crustal thinning, may be reconciled if outward lower crustal flow occurred following initial thermal subsidence after the Early Permian breakup event ( Figure  13c ). Depth-dependent extension is not characteristic of wide rift development (Bassi et al. 1993) . Outward flow would generate uplift and erosion on the basin margins, the products of which may be fed back into the basin. Some local buckle structures (e.g. the Alpha Arch: Figure 11a ) may have formed due to more localised redistribution of sediment. The extensive deep crustal reflectors (C2) may then represent mylonitised boundaries between the strong middle and upper crust and ductile flow in the weak lower crust. Daim and Lennox (1998) have also suggested lower crustal flow in the Northern Carnarvon Basin. However, in their model, flow occurs locally in association with large transfer faults.
Crustal thinning associated with Permo-Carboniferous extension followed by thermal decay is likely to have contributed to the development of a stronger, more brittle lithosphere. Subsequent Late Triassic to Early Cretaceous extension resulted in the generation of large fault blocks (which cut through the mid-crustal reflectors) and the development of narrow rift basins in the Northern Carnarvon Basin (Figure 13d ). Narrow rifts were localised at the eastern and western margins of the PermoCarboniferous wide rift basin. The narrow rifts localised in the area of greatest strength contrast, as in the modelling shown in Figures 5d and 7b . These systems are associated with large-throw high-angle normal faults, which are consistent with deformation of a stronger lithosphere. Veevers (1988) made a valid comparison between the East African double rift system and the double rift system developed in the Northern Carnarvon Basin during this phase of extension. Successful growth of the western narrow rift system into sea-floor spreading centres resulted in breakup, first with Argoland (Callovian) and then Greater India (Valanginian) as the spreading ridge propagated south.
The development of the eastern margin narrow rifts appears to have triggered the diapiric rise of acidic intrusions from deep in the crust (Figure 13d ). The intrusions may be derived from remobilisation of ductile lower crust (similar to metamorphic core complex growth) and/or anatectic melting (granite diapirism) in the crust. Additional heat caused by upwelling asthenosphere beneath the narrow rifts or magmatic underplating, in conjunction with a decrease in overburden pressure may have stimulated the diapirism. Alternatively, the intrusion of a basaltic magma chamber from decompression melting in the mantle may have generated low-density acidic melts in the overlying crust, as suggested for the Rio Grande Rift (Figure 14a) . If so, then the intrusions may represent part of the early stages of development of failed sea-floor spreading centres. Some of the diapiric structures interpreted from the Barrow/Dampier deep seismic do not have associated magnetic signals. This may represent a natural variation in magnetic composition or remnant magmatism within the different intrusions, or a combination of rock types may be responsible for the intrusive structures. For example, Schlee et al. (1979) depicted both igneous intrusion and salt piercement in the Baltimore Canyon trough off New Jersey, USA (Figure 14b ).
The development of the Northern Carnarvon Basin shares several similarities with that of the Basin and Range Province, USA. Buck (1991) proposed that the southern Basin and Range may be an example of a region that has passed through all three modes of extension. Low-angle detachment faults and associated metamorphic core complexes formed in Arizona at 20 to 10 Ma. Wide rift Basin and Range extension, characterised by high-angle normal faults (low-throw) and distributed upper crustal extension, followed. Narrow rifts have now begun to propagate and overprint earlier extensional structures on the western (Gulf of California and Salton Sea) and eastern (Rio Grande Rift) sides of the province. Seismic-reflection profiles across the northern Basin and Range also show pervasive subhorizontal reflections (similar to the C2 reflectors) in the deep crust over a broad region (Allmendinger et al. 1987; Wernicke 1992) . The deep reflectors rise towards the more highly extended domains, similar again to the C2 reflectors in the Northern Carnarvon Basin. Wernicke (1992) suggested that these mid-crustal reflectors may represent a boundary between flow and non-flow regimes.
Analogies between the general structural evolution of the Northern Carnarvon Basin and other passive margins can also be drawn. Bassi et al. (1993) suggested that the Orphan Basin (Figure 15a ) on the eastern Canadian margin is an example of a wide rift margin. It is 400 km wide and displays low synrift to post-rift sediment ratios. Normal faults are observed to terminate in the middle crust at a horizontal boundary. The Campos Basin on the Brazilian South Atlantic margin (Figure 15b ) is another example of a wide rift margin (Davison 1997) with many similarities to the wide rift styles observed on the North West Shelf.
Discrepancies in extension values calculated for the upper and lower parts of the lithosphere (Driscoll & Karner 1998) can be explained by lower crustal flow. If lower crustal flow was significant, current estimates for extension determined by upper crustal faulting should better represent the actual extension values. An overestimate of extension results in an overestimate in heat flow and therefore, consideration of the effects of lower crustal flow is important for petroleum system models. However, flow in the crust can mimic advective heat from the mantle, particularly where strong upwelling occurred. Hence, the diapiric features (besides influencing the structure of the marginal basins) may have acted as local heat and hydrothermal fluid sources influencing oil and gas distributions in the Northern Carnarvon Basin.
The proposed evolution is only a generalised model dealing with the major extensional processes responsible for passive-margin formation on the Northern Carnarvon Basin. Several compressional inversions have occurred and certain amounts of oblique movement during both extension and compression are likely. These events and processes are particularly important for the development of petroleum systems in the region, but have not been considered here. Consistencies in structural style occur over a vast area of the North West Shelf and many of the processes discussed for the Northern Carnarvon Basin may be applicable elsewhere on the Shelf.
CONCLUSION
The development of low-angle detachment faults requires special conditions characteristic of regions with high heat flow and/or thickened crust. Temporal and spatial variation in extensional styles observed in the Northern Carnarvon Basin is best described in terms of variation in deformation response of a lithosphere that has strengthened from one extensional episode to the next. Large-scale detachment mechanisms are not necessary.
Excellent examples of detachment faults are observed in the Northern Carnarvon Basin, representing some of the earliest extensional structures observed in the region. However, these structures are of limited regional extent and their location and alignment suggest an association with reactivation or collapse of a Proterozoic mobile belt.
The dominant extensional structure of the Northern Carnarvon Basin can be described as a PermoCarboniferous wide rift basin that is overprinted by Mesozoic narrow rift basins. Extension of warm, ductile lithosphere during the Permo-Carboniferous resulted in extensive wide rifting, characterised by low-throw normal faults distributed over a broad region. The warm heat-flow regime needed for wide rifting is consistent with the generation of a lower crustal fluid layer. Outward flow of ductile lower crustal material (i.e. from the basin towards the basin margins) following Permo-Carboniferous extension thinned the lower crust and generated the overall sag appearance of the basin. Areally extensive mid-crustal reflectors probably do not represent a detachment surface (as in many previous models), but instead, boundaries between flow and non-flow crustal regimes. Crustal thinning and cooling following thermal decay caused the lithosphere to become strong and brittle. As a result, subsequent extension of the wide rift during Late Triassic to Early Cretaceous times resulted in the generation of narrow rift basins.
Narrow rift development appears to have triggered the diapiric growth of intrusions from deep within the lithosphere. These intrusions significantly influenced the structure of the marginal narrow rifts and may have affected the distribution of hydrocarbons in these basins. Modelling of the magnetic signal associated with the diapirs suggests they are the result of magmatic intrusion. Similarity in general structural style and evolution can be seen between the Basin and Range USA, the Orphan Basin on the eastern Canadian margin, the Campos Basin on the southern Brazilian margin, and the Northern Carnarvon Basin.
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